Lactobacillus rhamnosus is a bacterial species commonly colonizing the gastrointestinal (GI) tract of humans and also frequently used in food products. While some strains have been studied extensively, physiological variability among isolates of the species found in healthy humans or their diet is largely unexplored. The aim of this study was to characterize the diversity of carbohydrate utilization capabilities of human isolates and food-derived strains of L. rhamnosus in relation to their niche of isolation and genotype. We investigated the genotypic and phenotypic diversity of 25 out of 65 L. rhamnosus strains from various niches, mainly human feces and fermented dairy products. Genetic fingerprinting of the strains by amplified fragment length polymorphism (AFLP) identified 11 distinct subgroups at 70% similarity and suggested niche enrichment within particular genetic clades. High-resolution carbohydrate utilization profiling (OmniLog) identified 14 carbon sources that could be used by all of the strains tested for growth, while the utilization of 58 carbon sources differed significantly between strains, enabling the stratification of L. rhamnosus strains into three metabolic clusters that partially correlate with the genotypic clades but appear uncorrelated with the strain's origin of isolation. Draft genome sequences of 8 strains were generated and employed in a gene-trait matching (GTM) analysis together with the publicly available genomes of L. rhamnosus GG (ATCC 53103) and HN001 for several carbohydrates that were distinct for the different metabolic clusters: L-rhamnose, cellobiose, L-sorbose, and ␣-methyl-Dglucoside. From the analysis, candidate genes were identified that correlate with L-sorbose and ␣-methyl-D-glucoside utilization, and the proposed function of these genes could be confirmed by heterologous expression in a strain lacking the genes. This study expands our insight into the phenotypic and genotypic diversity of the species L. rhamnosus and explores the relationships between specific carbohydrate utilization capacities and genotype and/or niche adaptation of this species. FIG 1 Dendrogram based on the analysis of AFLP patterns of the primer combination E01-T13 with visualization of the banding patterns. The strain origin and clustering (at a similarity level of 70%) are represented in the columns. The 25 strains selected for OmniLog growth experiments are highlighted with boxes.
S trains of a specific bacterial species can display a remarkable degree of phenotypic and genotypic diversity, allowing them to survive in a variety of habitats and/or under a variety of stress conditions. A microorganism's ability to adapt to environmental changes relies on its capacity to acquire and use the available nutrient resources and to counteract and overcome externally exerted physicochemical challenges. The processes of genome evolution, gene acquisition, and gene loss occur at a relatively long time scale and play a prominent role in long-term environmental adaptation of bacteria. The evolution of gene content and its chromosomal organization is stimulated by differences in environmentally selective conditions, such as nutrient availability, antimicrobial activity, or diverse stress conditions exerted by nonoptimal temperature, pH, or osmotic pressure (1) . The plasticity in the genetic repertoire is essential for adaptation to specific environmental habitats and, therefore, reflects niche-specific adaptation.
To study the diversity of bacterial species, high-throughput methods for genotypic and phenotypic analysis are increasingly used. These methods, which include amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism (RFLP), multilocus sequence typing (MLST), OmniLog (Biolog) phenotyping (2) infrared spectroscopy, cell mass spectrometry, and more recently genome sequencing, are recognized not only for their high-throughput nature but also for their level of reliability and standardization (3) . The development of efficient microbial genomics tools provides novel avenues to effectively evaluate strain diversity and allows for the identification of novel gene functions.
Because of their industrial relevance in a variety of food fer-mentations as well as their potential interaction with human and animal hosts, lactic acid bacteria (LAB) are an important group of microorganisms. LAB belong to the low-GϩC-content Grampositive bacteria that share the capacity to ferment different carbohydrates into lactic acid. Testifying to the role of phenotyping in industrial fermentation, dairy strains of the paradigm LAB species Lactococcus lactis were found to be diverse in their metabolic capacity, which is reflected in their flavor-forming properties (57, 58) . These properties are of significant relevance to their application in food fermentations, such as in cheese production. Genotype-phenotype correlation studies contributed to the discovery of new industrial properties for several LAB species, including Lactobacillus plantarum (4), Lactobacillus casei (5) , and Streptococcus thermophilus (6) . In human-associated niches, LAB can contribute to the meta-bolic capacities of the resident microbial ecosystem (7) . Moreover, they can interact with the host's mucosal tissues and the immune system (8) . Genotypic and phenotypic high-throughput analyses targeted several Lactobacillus species (4, 5) . Combining phenotypic profiling and strain-specific genetic information has proven to be an effective method for the assignment of so-far-unknown functions to specific genetic loci that are important for industrial traits or the interaction with the host (4) . For instance, screening of 14 L. plantarum strains for their capacity to adhere to mannose, and correlating this analysis with their genotypes, led to the identification of the gene encoding the mannose-specific adhesin (Msa) in this species (9) . Adhesion of L. plantarum to mannose residues is thought to be relevant for their capacity to adhere to mucosal epithelial cells that commonly display mannose conjugation moieties on their surface (10) , which was proposed to provide a competitive exclusion mechanism that could prevent the mannose-specific recognition of mucosal tissue by FimH-expressing pathogenic Escherichia coli cells, thereby preventing their pathogenic potential. Although the protective role of L. plantarum in competitive exclusion has yet to be proven, experiments that employed an Msa-deficient mutant and its Msa-expressing parental strain showed that only the wild-type strain effectively induced the expression of the antimicrobial pancreatitis-associated protein (PAP) gene in the intestinal mucosa (11) . These results illustrated a possible (dual) role for mannose-specific adhesion in the induction of the host's innate immunity responses, illustrating the importance of identifying these genotype-phenotype relationships in relevant strains.
Lactobacillus rhamnosus is a LAB species that colonizes diverse environmental habitats, including dairy and plant materials, as well as the mammalian gastrointestinal tract. L. rhamnosus is a species of interest for industry, especially for its potential healthpromoting and industrial properties (e.g., cheese ripening and lactate production). The proposed health-promoting properties of specific strains of L. rhamnosus have led to their application in products that are marketed as probiotics. While the most extensively studied probiotic is strain L. rhamnosus GG (ATCC 53103), other strains of the species, such as HN001 (12) and GR-1 (13) , have also been studied for their probiotic potential. To date, it remains unclear to what extent L. rhamnosus strains share these properties or if they are specific for a particular strain, highlighting the necessity of determining the diversity within the strains of the species and the identification of potentially strain-specific genes and functions that are responsible for the observed health-promoting effects.
Several genome sequences of L. rhamnosus probiotic strains have been determined to date, including L. rhamnosus GG (ATCC 53103) (14) and HN001 (NCBI BioProject identifier [ID] 29219). Genomes of strains isolated from industrial fermentations have also been sequenced, including the cheese production isolate L. rhamnosus LC705 (15) and the beer spoilage isolate L. rhamnosus ATCC 8530 (16) , and the genomes sequenced also include an environmental soil isolate, L. rhamnosus CASL (17) .
The L. rhamnosus genomes are predicted to carry a large number of carbohydrate transport and utilization genes that display substantial variations among strains (18) . As some niches display unique carbohydrate compositions, variability in carbohydrate utilization capacity is likely to reflect an important aspect of nichespecific adaptation. To better understand the diversity and niche adaptation of strains belonging to the species L. rhamnosus, we analyzed the carbon utilization capacities of 25 strains that were originally isolated from different niches, using the OmniLog Phenotype MicroArray platform. We correlated the carbohydrate utilization profiles with genotyping data obtained for these strains (AFLP) and low-pass genomic sequences, which enabled the identification of candidate genes that could be responsible for the transport and metabolization of specific carbon sources, which were validated by genetic complementation of genes encoding proteins/ enzymes for L-sorbose and ␣-methyl-glucoside utilization.
MATERIALS AND METHODS
Bacterial strains and growth conditions. For the purpose of this study, 65 Lactobacillus rhamnosus strains from various niches of isolation were obtained from Danone Nutricia Research (Palaiseau, France, and Utrecht, The Netherlands) ( Table 1) . As a reference, several publicly available L. rhamnosus strains were included (strains ATCC 53103 [GG] and HN001), and six representative strains of the "closely related" species L. casei were added as an outgroup in the genetic fingerprinting by AFLP ( Fig. 1 ). The strains were routinely cultured in de Man-Rogosa-Sharpe (MRS) broth or on MRS agar plates (Oxio), under anaerobic conditions at 37°C. Strains were stored at Ϫ80°C in MRS medium containing 20% glycerol. Where appropriate, media were supplemented with 10 g · ml Ϫ1 erythromycin.
Genomic DNA isolation. Total DNA was extracted from 10 ml of cultures harvested in the mid-log phase (optical density at 600 nm [OD 600 ] of 0.5 to 1) using a previously described method (19) . In short, cells were lysed by a freezing-thawing step followed by incubation with lysis buffer, TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] containing 1,330 U/ml mutanolysin and 40 mg/ml lysozyme, for 1 h at 37°C and bead beating in 20% SDS in TE buffer (10 mM Tris HCl, 1 mM EDTA, pH 8.0). The DNA was recovered by phenol chloroform extraction followed by isopropanol precipitation, washing in 70% ice cold ethanol, drying, and dissolution in 100 l TE. DNA yield and purity were assessed by measurement of absorbance at 260 nm and at 280 nm (19) .
L. rhamnosus genomic fingerprinting by AFLP. Amplified fragment length polymorphism (AFLP) genotyping (20) was used to classify the 65 isolates of L. rhamnosus included in this study. To this end, total DNA of the L. rhamnosus strains was isolated using an above-described procedure (19) and was digested with EcoRI and TaqI. Specific adapters ( Table 2) were ligated to the digested DNA and were used to selectively amplify EcoRI-TaqI fragments using primers extended with G and C selective nucleotides in the combinations E01/T11 and E01/T13 ( Table 2) . Amplification products were separated according to their length using an ABI Past 3130XL genetic analyzer (Applied Biosystems, Foster City, CA, USA), and fragments containing the fluorescently labeled primer (6-carboxyfluorescein [FAM]) were visualized using gel-view representations. Band position and intensity were recorded for each strain, creating a strainspecific AFLP profile. The resulting AFLP patterns were band-normalized and subjected to a band pattern recognition procedure using the Gene Mapper 4 software (Applera, Foster City, CA, USA). Bands occurring at the same gel position, with an accepted variation of 0.15%, were considered shared between different profiles. Normalized patterns that encompassed fragments of 40 to 580 bp were imported into BioNumerics 4.61 (Applied Maths, Kortrijk, Belgium), and similarities between AFLP-fingerprint profiles were calculated using Dice correlation and UPGMA (unweighted pair group method using average linkages) clustering for the construction of AFLP-based strain dendrograms. Replicate AFLP analyses of strain Lr90 (cluster 5) were used to determine the discriminative threshold of the AFLP analyses at 70%. The type strain ATCC 7469 was obtained from both the Danone and Numico culture collections and appears twice in the analysis.
Low-pass genome sequencing. Low-pass genomic sequences of 8 L. rhamnosus strains were determined (Table 1) . Strains from different AFLP clusters intended to cover the diversity of the species were selected. Total DNA of these strains was prepared as described above (19) . Draft genome sequences were obtained (GATC Biotech, Germany) by Roche 454 FLX a Boldface indicates strains whose genome was included in the GTM analysis.
Titanium sequencing with average read lengths of 450 bp ( Table 1 shows sequencing statistics per strain), while the genome sequences of the reference strains L. rhamnosus ATCC 53103 and HN001 were downloaded from the public NCBI Genomes database. The two public domain genome sequences (14) were reannotated in the same way as the newly sequenced genomes and were included in the strain-specific orthologous gene matrix construction (see below). Raw sequence data were assembled into contigs using standard settings of Newbler 2.6 software. Genomic data were subjected to a complete de novo RAST pipeline for open reading frame (ORF) prediction using limited-overlap (maximum of 100 bp) allowance for detection of predicted ORFs and, in case of a larger overlap, discarding the smaller of the two ORFs. Gene function annotation for the identified ORFs was performed with the web-based automatic annotator RAST using standard settings (21) . Identification of orthologous groups (OGs) of genes shared between the novel low-pass draft genomes and the newly annotated publicly available genomes was performed using locally installed OrthoMCL version 5 (22) , containing 150 bacterial reference genomes from the NCBI Genomes database (23) . As a result, a gene matrix of all OGs and their presence/absence profile was created. The matrix was used as a basis for the gene-trait matching (GTM) approach. PM tests. Phenotype microarray (PM) analyses were performed to determine the phenotype diversity among 25 selected L. rhamnosus strains that represent the different AFLP clusters ( Fig. 1 ) and were isolated from diverse ecological niches (Table 1) . Most AFLP clusters are represented, except cluster 6, which appears highly similar to clusters 7 and 8. The carbohydrate utilization profile of these 25 strains was analyzed using the Phenotype MicroArray (OmniLog) 96-well plates PM1 and PM2A (Biolog Inc., Hayward, CA, USA), which determine utilization and growth on 192 different carbon sources, using the provider's protocols. In short, bacteria were precultured in MRS medium and transferred to PM plates in duplicate. Plates were incubated at 37°C in an OmniLog reader (Biolog) for 48 h, and quantitative responses were recorded automatically every 15 min by a charge-coupled device (CCD) camera. Readouts were stored using OmniLog file management software (version 12.0; Technopath). The complete list of compounds assayed by PM1 and PM2A can be obtained at http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf. PM technology employs tetrazolium violet reduction as a reporter of active metabolism (24) , where the reduction of the dye causes the formation of a purple color that is recorded by a charge-coupled device camera in time, thus providing quantitative and kinetic information on metabolic activity. Dye reduction is directly correlated with the quantity of NADH produced by the bacteria when degrading a single carbon source. To assess reproducibility, three independent experiments were performed using strain L. rhamnosus GG (ATCC 53103), revealing an identical carbohydrate growth pattern and only very minor variation in the growth kinetics (data not shown).
Phenotype microarray results are expressed as average height of reaction (or kinetic curve) as a proxy for overall cell growth over a period of 48 h, after subtraction of the background represented by culture medium, with values ranging from 0 to 198. All the raw PM data are presented in Fig. S3 in the supplemental material.
Correlation analyses within the AFLP, origin, and OmniLog data sets. Raw data were processed using PAST software (25) . To detect potential correlations among AFLP, OmniLog groups, and niche of isolation, these variables were incorporated in multivariate matrices, and underlying structures within and between the groups of strains were explored using clustering analyses in the PAST software suite (25) . Clustering was performed based on Euclidian distances calculated with raw data using UPGMA.
For the determination of relationships between nominal variables (origin of isolation information and presence in an AFLP clade), a contingency table was created (26) , containing frequency distribution of the strains (see Table S2 in the supplemental material). Strains of unknown origin were treated as a separate group. The significance of association between the nominal variables was quantified using two methods. The Monte Carlo randomization test relies on repeated random sampling to estimate how likely it is for a certain event to happen randomly and gives a P value that is significant (the event is not random) at values lower than 0.05 (27) . Cramer's V is a chi-square-based measure of variable independence (28) , giving a value between 0 (statistical independence) and 1 (associated variables). Both calculations were performed in the PAST software suite (25) .
Sørensen-Dice similarity indices provide a way to test statistically whether there is a significant similarity between two or more groups of numerical sampling units. In our case, the sampling units are represented by the growth profiles for carbohydrates for a single strain. Similarity values higher than 0.95 representing a P value of Ͻ0.05 are significant. Values of the Sørensen-Dice similarity matrix for each of the strain Omni-Log endpoint measurement profiles against profiles of all other strains are given in Table S1 in the supplemental material. The similarity data are the basis for the strain clustering in Fig. 2 .
Identification of candidate genes involved in the metabolism of OmniLog carbon sources by gene-trait matching. Candidate genes potentially involved in carbon source utilization were identified by in silico GTM using genomic information from 10 L. rhamnosus strains and the OmniLog data sets (Table 1 ; strains in boldface). We selected the thresh- (29) . Using this threshold, the OmniLog raw data matrix was transformed into a positive/negative growth matrix. For data sets with a maximum growth value lower than 100, the threshold was set at half the maximum growth. To assess the significant cooccurrence of L. rhamnosus OGs with each of the growth data sets, a mathematical equation was used that focuses on the number of occurrences where the gene presence correlates with the phenotype (either positively or negatively) but also takes into account the number of occurrences in which such correlation is absent. The higher the outcome of the equation, the higher the probability that the gene correlates with the utilization of a certain carbohydrate. The equation used was S ϭ (Pos ϩ 1) ϫ (Neg ϩ 1)/(Mis ϩ 1). In the above equation, the abbreviations are as follows: S represents a final score used for gene classification, Pos represents the number of strains where the OG is present and that display the phenotype, Neg represents the number of strains where the OG is absent and that do not display the phenotype, and Mis represents the number of strains in which the presence and absence of the OG and phenotype are inconsistent (mismatching). While the highest score recognizes a positive gene-phenotype correlation, the lowest score indicates a negative correlation. The equation is dependent on the size and distribution of the phenotype and therefore was used for balanced phenotypes with higher than 25% representation of either the negative or positive groups. A list of the highest-scoring candidate genes and their RAST-based annotation is provided in the supplemental material (for L-sorbose, see Table S3 in the supplemental material; for ␣-methyl-D-glucoside, see Table S4 in the supplemental material; for L-rhamnose, see Table S5 in the supplemental material; for cellobiose, see Table S6 in the supplemental material). The differential use of cellobiose by strains of L. rhamnosus (Fig.  2 ) was considered a positive control of the analysis, since the results included predicted phosphotransferase system (PTS) genes for cellobiose utilization, which were experimentally proven to be used in cellobiose utilization (14, 30) . The genes identified by the equation as the most likely candidates for the utilization of particular carbohydrate sources were further analyzed manually, where preference was given to genes that are located in operons of which multiple genes were identified to have the same correlation score.
Construction of gene expression mutants. Gene expression mutants were constructed using the medium-copy-number expression vector pIL253 (31) . Both operons targeted by genetic engineering are absent from the genome of L. rhamnosus ATCC 53103, which could therefore be employed as the heterologous expression host. The operons that were identified to be potentially involved in utilization of L-sorbose (5 kb) and ␣-methyl-D-glucoside (6 kb) were amplified by PCR using genomic DNA isolated from strain Lr136 as a template, in combination with the primer pairs designed to amplify each of the target loci (Table 2) , using KOD long-range polymerase (Novagen, Darmstadt, Germany), according to the instructions of the manufacturer. The PCR products were purified from an agarose gel and cloned in ScaI-digested pIL253 vector. Ligation mixtures were transformed directly into L. rhamnosus ATCC 53103 by electroporation (32) , and transformants were selected on MRS medium containing 10 g · ml Ϫ1 erythromycin. Two single colonies were selected based on stable antibiotic resistance (erythromycin) and designated M12 and M13, harboring the plasmids comprising the cloned operons predicted to be involved in L-sorbose and ␣-methyl-D-glucoside, respectively. The growth phenotype of the M12 and M13 expression derivatives of L. rhamnosus ATCC 53103 was evaluated on in-house-prepared MRS medium without a carbon source supplemented with L-sorbose or ␣-methyl-D-glucoside as sole carbon sources, respectively, using the parental L. rhamnosus ATCC 53103 as a negative control.
Nucleotide sequence accession numbers. The genome sequences for the eight newly sequenced Lactobacillus rhamnosus strains were deposited in the GenBank database with the following accession numbers: JUIH00000000 (Lactobacillus rhamnosus Lr108), JUII00000000 (Lactobacillus rhamnosus Lr138), JUIJ00000000 (Lactobacillus rhamnosus Lr053), JUIK00000000 (Lactobacillus rhamnosus Lr073), JUIL00000000 (Lactobacillus rhamnosus Lr071), JUIM00000000 (Lactobacillus rhamnosus Lr044), JUIN00000000 (Lactobacillus rhamnosus Lr032), and JUIO00000000 (Lactobacillus rhamnosus Lr140) ( Table 1 ). The versions described in this paper have the numbers "XXXX01000000," where XXXX represents the first four letters of each accession number.
RESULTS
Strain collection, niches of strain isolation, and genotype fingerprinting. Sixty-five L. rhamnosus strains included in the study were obtained from the Danone Nutricia Research Culture Collection (Palaiseau, France, and Utrecht, The Netherlands) and were originally isolated from various environments (Fig. 1) . For some strains, including the type strain (ATCC 7469), no information is available in the public domain with respect to their origin of isolation. For the others, most isolates are of human origin (feces [baby and adult], oral cavity, and reproductive system) or from dairy (cheese or fermented milk) products, but there were also some strains derived from other isolation sources, i.e., two strains from animal (goat) feces and two from fermented plant material (soy sauce and fermented vegetable drink). In addition, reference strains of the species L. rhamnosus (strains ATCC 53103 and HN001 and the type strain ATCC 7469) and six representatives of the closely related species L. casei (Fig. 1) were included in the AFLP analysis.
AFLP provides a high-throughput method for high-resolution genomic fingerprinting (20) that has been employed frequently for the classification of strains of various species, including lactobacilli (2, 33) . AFLP classification of 65 L. rhamnosus strains enabled the distinction of 11 genotypic groups at a similarity cutoff of 70%, with all L. casei strains constituting an outgroup, since they belong to a closely related but genetically distinct species. The overall similarity level of the species by AFLP profiling was estimated at 60% (this work and reference 34), with an intragroup diversity of up to 20%. These data illustrate the remarkable diversity of the L. rhamnosus species, as AFLP diversity for some morespecialized species can be lower than this threshold: Lactobacillus reuteri, 8% (35); Lactobacillus delbrueckii, 15% (36); Lactobacillus acidophilus, 22% (37) . At the same time, the AFLP classification is similar to other species that reside in various environmental niches such as L. plantarum (38) that also encompass highly diverse clusters of strains. Notably, the two primer pairs used in AFLP profiling generated corresponding results in terms of clade classification of strains ( Fig. 1 ; see also Fig. S1 in the supplemental material), as both analyses identified subgroups that contained the same strains, demonstrating the accuracy of the genetic classification.
The AFLP clades encompassed variable numbers of strains. Among the 11 clades, eight were comprised of only a few strains (between one and five strains were clustered within clades 2, 4, 6, 7, 8, 9, 10, and 11). Clade 1 was a medium-sized group containing 7 strains, while most strains (75%) were classified in clades 3 and 5, which contain 23 and 26 L. rhamnosus strains, respectively. The strains with publicly available genomic sequences were classified into distinct AFLP clusters: type strain ATCC 7469 belonged to clade 3, strain ATCC 53103 (Lr064) belonged to clade 5, and HN001 was the only strain in clade 8.
Establishing correlations between origin and AFLP grouping. As genetic classification for several LAB species indicated that strains with similar origins sometimes cluster together (35, 39, 40) , we were interested to see if cataloguing L. rhamnosus strains on the basis of the genetic fingerprinting by AFLP could significantly reflect their origin of isolation. Most strains (83%) were classified into one of the large AFLP clusters, 3 and 5 (see Fig. S2 in the supplemental material). The strains in the large cluster 3 and smaller clusters 2 and 4 have a highly variable origin of isolation, supporting the idea that there is a subgroup of L. rhamnosus strains that frequently migrate between different environments (18) . Other AFLP clusters appeared to display niche enrichment, illustrated by the observation that the large AFLP cluster 5, as well as the smaller clusters 6 and 7, contained mainly human strains, including 23 fecal strains (56% of all fecal isolates) and only a single strain of unknown origin, while the two infant strains cluster together in a separate group (cluster 11) that appeared genetically more similar to a dairy isolate (cluster 10) than to adult feces isolates. Fermented product isolates were predominately classified into four genotype clusters: cluster 1, which also contained two fecal strains, and clusters 8, 9, and 10, which exclusively captured strains of dairy origin. Fecal and dairy strains could not be clearly separated by the clustering.
As for the statistical significance of this enrichment, the Monte Carlo simulation analysis showed that the origin distribution is not random (P ϭ 0.0126) (see Table S2 in the supplemental material). The Cramer test value (P ϭ 0.53) supported a tendency toward niche enrichment within AFLP grouping. We found a stronger correlation between adult fecal isolates and AFLP clades 3, 5, 6, and 7 and between dairy strains and clade 9 (see Table S2 in the supplemental material).
Strain-specific carbon source utilization profiling. A variety of carbon sources that have been associated with various habitats were included in the OmniLog growth experiments. Cluster analysis identified 3 main clusters of carbon sources based on the variation of their utilization by L. rhamnosus strains (see Fig. S3 in the supplemental material). Cluster 1 grouped 34 carbon sources with a lower average growth of 23 Ϯ 19 OUs and contains many amino acids, carboxylic acids, fatty acids, and nucleosides but also several monosaccharides and disaccharides. Some substrates were used by all strains in this group with an intermediate efficiency (20 to 100 OU; oxomalic acid and 5-keto-D-gluconic acid) and a low efficiency (Ͻ20 OU; 2-dioxiadenosine and ␣-methyl-D-galactoside). Carbohydrate cluster 2 contained 38 carbon sources with a relatively high average level of growth (114 Ϯ 28 OU) per strain and growth values of up to 196 OU for some strains. The majority of monosaccharides, all glycosides (i.e., sugar bound to another functional group via a glycosidic bond; salicin, arbutin, and amygdalin), several disaccharides, sugar alcohols, and a single trisaccharide (melezitose) were grouped within cluster 2. Thirteen cluster 2 carbohydrate substrates were utilized by all strains, i.e., D-ribose, N-acetyl-D-glucosamine, D-galactose, D-tagatose, D-trehalose, D-mannose, ␣-D-glucose, L-lyxose, salicin, D-mannitol, Larabinose, 2-deoxy-D-ribose, and 3-O-␣-D-galactopyranosyl-Darabinose. Carbohydrate cluster 3 contained 120 carbon sources that were concluded not to be utilized by any of the strains (raw values maximally reached 30 OU) and were therefore excluded for strain classifications (see below).
From the carbon sources that were utilized differentially among the 25 isolates, several can be utilized by the majority (21 of the 25 strains) of the strains tested, e.g., D-melezitose, D-gluconic acid, D-cellobiose, dulcitol, arbutin, glycerol, acetoacetic acid, Lrhamnose, and D-sorbitol. In contrast, several carbohydrates could be utilized by only a few strains (fewer than four), e.g., D-galactonic acid-␥-lactone, 2-deoxy-D-ribose, dihydroxyacetone, L-arabinose, and maltose. Notably, dulcitol, maltitol, and gentiobiose appeared to be utilized by only a single strain.
The L. rhamnosus strains could be categorized into three metabolic groups (MGs) based on their utilization of the 72 carbon sources (clusters 1 and 2) and using a similarity coefficient cutoff (Sørensen-Dice) of 95%. The three MGs (designated MG-A, -B, and -C [ Fig. 2 ]) contained 10, 9, and 6 strains, respectively. UPGMA clustering allowed the identification of specific carbohydrates that were most stringently separating the MGs (Fig. 2) . The utilization of D-lactitol, D-psicose, ␣-methyl-D-glucoside, ␤-methyl-D-glucoside, turanose, and palatinose correlated well with the majority of strains clustered in MG-C, whereas only a few strains from MG-A and MG-B could utilize these carbohydrates. Many strains of group MG-B were not able to utilize L-sorbose, D-sorbitol, 3-O-␣-DL-galactopyranosyl-D-arabinose, lactulose, amygdalin, arbutin, and L-rhamnose, whereas most strains in MG-A and MG-C could utilize these carbon sources.
There appeared to be no obvious correlation of the MG classification of the strains with their niche of isolation, illustrated by the fact that each of the MGs encompassed isolates from all niches (Fig. 2) . However, strains classified in the same AFLP cluster tended to be classified in the same MG (Fig. 2) and strains of AFLP groups 1, 3, and 4 shared very similar carbohydrate utilization profiles between them. For example, AFLP group 1 strains formed a tight subgroup within MG-A. Similarly, a subgroup of AFLP cluster 3 (6 of the 9 members) captured all MG-C clustered strains, with the individual strains sharing 95.4% of their carbohydrate utilization profile. Similarly, MG-B captured all the members of AFLP clusters 2, 5, 7, and 10, whereas MG-A contained all strains of AFLP clusters 1, 4, and 8.
Unlike strains from other groups, MG-A strains could efficiently use plant-derived maltose, arbutin, and artificially created gluconic acid and lactulose but could not use the natural sugar alcohols dulcitol, gentiobiose, and maltitol, and only some strains utilized lactose. MG-B was characterized by a decreased ability to grow in lactose (dairy-derived carbohydrate) or sorbitol, sorbose, rhamnose, arbutin, lactulose, ribose, salicin, and lyxose, many of which are plant material-associated carbohydrates. MG-C strains were capable of growth on lactose, N-acetyl-D-galactosamine, and mannose, as well as palatinose, psicose, ␣and ␤-methyl-D-glucosides, turanose, maltitol, arbutin, mannitol, trehalose, and tagatose but not cellobiose, D-galactonic acid-␥-lactone, and gluconic acid. In particular, strains belonging to MG-C utilized a multitude of carbohydrates with high efficiency, whereas strains of MG-A could utilize fewer carbohydrates, many of them at an average efficiency. MG-B appeared to be highly restricted in the number of carbohydrates that it could grow on, with relatively low efficiency (Fig. 2) .
Identification of genes responsible for specific carbohydrate utilization. The availability of combined genomic and phenotypic information provided the opportunity to identify genes responsible for specific carbohydrate utilization. The genomic data of two publicly available genome sequences of L. rhamnosus strains ATCC 53103 (a single circular genome sequence) and HN001 (draft genome assembled to 94 contigs), in combination with eight draft genome sequences of strains included in this study (average coverage, 11.4-fold; assembled into 161 to 2,050 contigs) ( Table 1) , were employed in a GTM approach. The strains selected for low-pass genomic sequencing aimed to retain diversity in both AFLP grouping (which constituted the primary criterion) and origin of isolation. Both the public genomic sequences and the novel draft genomes were de novo annotated using automatic open reading frame detection and annotation of protein functions. Orthologous gene detection for the 10 genome data sets generated 6,476 OGs, of which 1,793 OGs (ϳ27%) were shared among all strains, whereas 1,982 OGs (ϳ30%) were present in only a single strain.
L. rhamnosus candidate genes that may be involved in the metabolism of specific carbohydrates were identified in silico by correlating OmniLog carbohydrate utilization data with the strainspecific genomic data, using the OG matrix constructed by GTM. To this end, carbohydrates were selected that displayed a balanced distribution of utilizing (Ͼ100 OU) and nonutilizing (Ͻ100 OU) strains among the 10 strains to maximize the likelihood of identifying credible candidate genes associated with the phenotype. The carbon sources that fulfilled this requirement were cellobiose, Dgluconic acid, D-melezitose, ␣-methyl-D-glucoside, 3-O-␤-D-galactopyranosyl-D-arabinose, L-sorbose, dulcitol, and D-galactonic acid-␥-lactone. These carbohydrates also encompass those that enabled discrimination among MG-A, -B, and -C, e.g., L-sorbose and D-gluconic acid are typically not utilized by strains of MG-B, whereas ␣-methyl-D-glucoside is exclusively utilized by strains belonging to MG-C. Notably, GTM that employed the strain-specific cellobiose utilization capacity led to the identification of a PTS operon that was annotated to be involved in cellobiose utilization (see Table S6 in the supplemental material), supporting the reliability of the approach. Nevertheless, this analysis did not identify any of the genes encoding the other 3 PTSs that are annotated as cellobiose PTS, which may be related to the apparent redundancy of this transport function, which disables the unambiguous and consistent identification of a single locus. The differential utilization of L-sorbose was used in a GTM approach and correlated strongly with a genomic region of 6 kb encompassing genes encoding a putative PTS transporter (see Table S3 in the supplemental material). Similarly, ␣-methyl-D-glucoside utilization correlated strongly with two candidate genetic regions of 5 and 19 kb in length, respectively, encoding a transporter and ATPase, and two PTSs and a carbohydrate hydrolase, respectively (Table 3; see Table S4 in the supplemental material). To validate the postulated roles of the identified genomic regions in the utilization of these carbohydrates, the identified genetic regions were amplified from Lr136 and cloned into pIL253, resulting in pSOR253 (containing the 6-kb locus linked to sorbose utilization) and pAMG253 (containing the 5-kb locus linked to ␣-methyl-D-glucoside utilization), respectively.
These constructs enabled the heterologous expression of these genes in L. rhamnosus ATCC 53103, a strain that lacks these OGs ( Table 1 ). The resulting carbohydrate utilization by the pSOR253and pAMG253-harboring derivatives of L. rhamnosus ATCC 53103 was evaluated, using in-house-prepared MRS medium supplemented with the relevant carbon source, revealing that in con-trast to the strain transformed with the empty pIL253 vector, the pSOR253-and pAMG253-harboring derivatives were able to grow on sorbose and ␣-methyl-D-glucoside, respectively (Fig. 3) . These results confirm the role of these genes in the postulated phenotypes and illustrate the value of the GTM approach to identify gene functions.
DISCUSSION
With respect to carbohydrate substrate utilization and metabolism, strains isolated from diverse niches can vary greatly, probably reflecting adaptation to the niche-specific conditions. The importance of understanding at a molecular level the functional diversity within individual bacterial species that are considered for probiotic applications has only recently been appreciated (41) . Bearing in mind their potential use in food and/or probiotic applications, we studied the differences within strains of the species Lactobacillus rhamnosus using both food and commensal isolates and employing two high-throughput methods for their classification, AFLP-based genotyping and OmniLog profiling for metabolic phenotyping. The outcome of this study is in agreement with previous studies showing a wide phenotypic diversity among strains of L. rhamnosus and the identification of several genetically distinct groups (18, 34, 42) .
Carbon source utilization profiling is an important tool for the analysis of diversity and phenotyping of bacterial genera and species, as illustrated by the routine use of the API strips or OmniLog plates. For the species L. rhamnosus, 53 isolates were analyzed previously using an API50-based classification approach, revealing that strain L. rhamnosus GG (ATCC 53103) could be distinguished from cheese isolates on the basis of its carbohydrate utilization capacity (42), a conclusion that we confirmed in the present study. In addition, the present study supports the high versatility and adaptability to multiple niches in the species Lactobacillus rhamnosus. There are substantial differences in carbohydrate availability in the niches in which L. rhamnosus can be found. The dairy environment is rich in lactose and contains also some free oligosaccharides (composed of mannose, fucose, and sialic acids), while plant-associated environments can be rich in sucrose, trehalose, maltose, cellobiose, raffinose, starch, inulin, and fructosans. Notably, the intestinal tract of mammals can contain, next to a variety of diet-derived carbohydrates, also substantial quantities of host-derived carbohydrates such as fucose, hexosamines, mannose, and galactose (43) . The metabolic grouping of the L. rhamnosus strains presented here classifies strains belonging to MG-A as generalists, albeit that these strains also display some specific limitations such as the use of glucosides, turanose, and psicose. These plant derivatives are encountered only in particular niches, which might explain this adaptation. The inability to utilize lactose among strains clustered in MG-B indicates that these strains cannot grow efficiently in dairy environments. However, there were dairy isolates clustered in MG-B that were derived from cheese production, where they are used for their proteolytic capacity, which plays a role during late stages of cheese ripening. During these stages of cheese ripening, the lactose is already depleted from the cheese matrix, suggesting that the MG-B cheese strains could represent non-starter culture isolates that play a role in late-stage cheese ripening only. The strains clustered within MG-C appear to be adapted to use both dairy-and plant-derived carbohydrates. Interestingly, the dairy-derived L. rhamnosus isolates could consistently utilize gluconic acid. This carbohydrate is not a natural component of milk but is extensively used in the dairy industry to stabilize fermented dairy products and to retain calcium (44) . Therefore, it is tempting to speculate that the strains that were adapted to this environment for many generations would have acquired the capacity to utilize this carbohydrate and could be an illustration of the adaptive abilities of these bacteria.
In a recent comparative genomics study of 100 L. rhamnosus strains, Douillard et al. (18) found mainly two distinctive genophenotypes, of which one appeared to be specialized for stable nutrient-rich niches and the other contained generalists that are adaptable and could potentially reside in multiple niches. The two genophenotypes are detectable in our metabolic classification, but the generalist group is divided into a subgroup with a higher efficiency and larger range of possible carbohydrates (MG-C) and a subgroup that can utilize many carbohydrates for growth, albeit with an intermediate efficiency (MG-A) . The more-specialized MG-B strains seem primed toward fewer carbohydrates that they can use at a relatively high efficiency. This is exemplified by the metabolism of currently marketed probiotic strains such as L. rhamnosus GG (ATCC 53103), which was originally isolated from the intestine, clustered in MG-B, and appears to be a metabolic specialist adapted to nutrient-rich environments. It can grow efficiently (Ͼ100 OU) on 10 carbohydrates, glucose, galactose, glycerol, salicin, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, D-melezitose, tagatose, L-lyxose, and D-gluconic acid, while its overall carbohydrate capacity encompasses 40 substrates. It is long since L. rhamnosus GG was transferred from the complex and highly variable intestinal niche to the relatively constant and nutrient-rich industrial production environment, which may be selective for metabolic simplification (45) . This tendency was supported for L. rhamnosus GG, for which PCR analyses of six commercial probiotic products confirmed that four products contain a derivative of the original strain that lacked major DNA segments (46) . This simplifying tendency may have contributed to the inability of this strain to utilize a relatively low number of carbohydrates with good efficiency. In contrast, the probiotic L. rhamnosus HN001, which was isolated from cheese and clustered in MG-A, displays efficient growth on 26 carbon sources and is capable of utilizing 53 different carbon sources, overall. Therefore, this isolate displays efficient growth on a wide range of carbohydrates, which is in disagreement with the notion that dairy isolates of lactobacilli would display more-specialized carbohydrate utilization patterns than those of intestinal isolates (6, 47) . This may also imply that the HN001 strain was relatively recently introduced into the cheese matrix and has not yet lost its metabolic flexibility as a consequence of the consistent exposure to the constant dairy environment.
These, and several other observations, suggest that the origin of isolation is only remotely informative about a strain's metabolism, which may especially be valid for species that frequently migrate between various niches, which has been proposed for various lactobacilli, including L. plantarum (48) , L. casei (47) , Lactobacillus sakei (49) , and L. rhamnosus (50) .
Phenotyping was complemented in our study by genetic fingerprinting by AFLP, which created a separate, genetic classification of the strains. Some AFLP clusters were apparently enriched with strains from particular environmental niches. Isolates from fecal material collectively comprise 56% of all strains and belong to AFLP clusters 5, 6, and 7. Dairy isolates, amounting to 20% of all strains, appeared to divide into two AFLP clusters, possibly reflecting two main lineages of strains that evolved separately in the dairy environment. All other clusters had a mixed composition in terms of niche of isolation.
Similar observations concerning the correlation of genetic fingerprinting methods and the strain's niche of isolation were made for several other lactic acid bacterial species (51) (52) (53) . Nevertheless, in some cases, the genetic fingerprints obtained appeared to correlate relatively well with the niche-specific fitness. For example, the species L. reuteri was divided into ecotypes that display high host specificity and can colonize either pigs, rodents, or humans, which underlines the idea that some microbes from the vertebrate gut are not promiscuous but have diversified into host-adapted lineages, probably involving a long-term evolutionary process (35) . Notably, the ecotype specification of L. reuteri isolates displayed an excellent correlation with the genetic stratification of the strains by multilocus sequence typing (MLST) or AFLP fingerprinting. Similarly, random amplified polymorphic DNA-PCR (RAPD-PCR) enabled the separation of a genetic subgroup of strains of the species L. plantarum that were exclusively isolated from dairy environments, whereas the other subgroups contained strains of various origins of isolation (38) .
In conclusion, it is not trivial to extract predictive information related to the degree of niche-specific adaptations in microbial strains of a Lactobacillus species that could potentially transit from one niche to another with relatively high frequency, such as L. rhamnosus. Consequently, the niche of isolation is not very informative with respect to the strain's niche-specific fitness, and neither genetic fingerprinting nor high-resolution metabolic profiling provides a highly reliable approach to define a strain's degree of adaptation to any particular niche. To enable the determination of niche-specific fitness among strains of such species, other approaches are needed and may require comparative and strainspecific in situ fitness determination in the respective niches that the strains can inhabit.
In the statistical analysis, we concluded that AFLP-based clade distribution of the strains displayed a tendency for enrichment of niche of isolation within certain genetic clusters, whereas the Om-niLog classifications into MGs appeared to cocluster with specific AFLP clusters. These observations illustrate how two fundamentally different classification approaches provide a consistent discrimination of subgroups of strains. However, the MG classification of the strains did not correlate with the niche of isolation of the strains, which is somewhat unexpected in view of the correlations detected between AFLP clusters and the niche of isolation. This may be largely due to the relative noisiness of the latter correlation, which is characterized by several confounding strains in each of the AFLP clusters. Moreover, true niche specialization is a complex phenotype, which is unlikely to be represented by single genetic markers and probably involves both multiple discriminating genes that may be genetically unlinked and strain-specific and divergent gene regulatory patterns. Although it is among the highest-resolution methodologies for genetic fingerprinting, AFLP patterns still represent a crude way of genetic typing (2), and whole-genome sequencing and comparative genomics provide a genetic strain typing methodology of substantially higher resolution and may therefore be more appropriate for the niche-fitness correlation analyses.
The value of genome sequencing and genotype-phenotype correlation analyses was illustrated here to identify candidate genes that were associated with discriminative carbohydrate utilization capacities among the L. rhamnosus strains included in this study. Although the genome sequence information employed for this purpose was incomplete due to the low-pass quality of the sequence information generated, this analysis still accurately identified the gene clusters involved in L-sorbose and ␣-methyl-Dglucoside utilization. Genetic engineering enabled the confirmation of the functions of these genes by heterologous expression in an L. rhamnosus strain that lacked these genetic functions and thereby gained the capacity to utilize the corresponding carbohydrate source for growth. The GTM algorithm used is considerably simpler than the advanced modeling method employed in some tools available, such as the PhenoLink module (54) , which may enable the identification of candidate genes involved in the utilization of other carbohydrates that did not allow gene identification in the GTM method employed here.
Further gene function identification is required to advance our understanding of bacterial diversity and evolution in relation to niche-specific adaptation functions. Progress in nucleotide sequencing technologies and comparative genomics (39), experimental evolution approaches (55) , and competitive intestinal passage models (56) can provide access to the enormous genetic diversity of bacteria at an unprecedented level of resolution. Such approaches can aid in determining and understanding relative niche fitness levels of different strains of a species at a molecular level, providing critical information to truly assess niche adaptation.
The method described in the current work can be useful in the identification of genes linked to other phenotypic characteristics of Lactobacillus diversity of interest to science and the consumer, as long as the phenotype is sufficiently varying in the strains studied. Some of these phenotypes for the Lactobacillus genus could encompass (i) metabolic traits such as proteinase and peptidase activities, acidification capacity, and vitamin or short-chain fatty acid production and host interaction parameters such as (ii) cytokine production by immune cells, (iii) the production of antibacterial peptides, (iv) bile salt hydrolase activity, or (v) intestinal colonization capacity. When expanding these concepts to bacteria in general, genotype-phenotype association studies can have a much wider applicability, for instance, to identify the genetic basis of pathogenicity traits such as toxin or adhesin production, host cell invasion capacity, and/or disease progression or outcome.
Taken together, our findings indicate that high-resolution phenotyping and genotyping enable the detection of distinct genetic clades as well as metabolic groups among the strains of the species L. rhamnosus. Both high-throughput methods reveal similar relationships between the strains, illustrating the idea that high-resolution phenotyping and genotyping can provide a means to stratify strains of a species into genetically and functionally distinct groups. This stratification of strains was employed to guide the selection of strains for genomic sequencing, eventually enabling the identification of function-related genetic markers that, in the example presented, relate to carbohydrate utilization but could also include other relevant phenotypic traits (11) . Such identified genetic markers for a specific phenotype could be used to accelerate the selection of strains with specific characteristics that are relevant for their industrial applications.
